Annals of the Academy of Romanian Scientists 
Online Edition Series on Physics and Chemistry Sciences 
ISSN 2559-1061 Volume 5, Number 2/2020 7 


INFLUENCE OF HEAVY METALS PHYTOTOXICITY 
ON SEED GERMINATION AND PLANTS GROWTH 


Mihaela ROSCA!, Elena-Diana COMANITA UNGUREANU|, 
Raluca-Maria HLIHOR!”, Mariana DIACONU|, Petronela COZMA"*, 
Maria GAVRILESCU!** 


Abstract. Environmental pollution with heavy metals has become a critical 
concern because of their potential to create negative ecological effects. Such toxic 
elements are considered pollutants of the soil because of their spread, the 
appearance and their acute and chronic toxic effect on the cultivated plants. 
Excessive release of heavy metals into the environment has become a primary issue 
worldwide, as they cannot be transformed into non-toxic forms and therefore have 
long-lasting effects on the ecosystem. Many of them are toxic even at very low 
concentrations. In this context, experimental program has been structured to 
address the problem of heavy metals phytotoxicity and plants tolerance against this 
aggressive factor. This paper presents the results of the phytotoxicity studies of 
Cd(II) on three plants: Brassica rapa (rape), Sinapis alba (white mustard) and 
Amaranthus retroflexus (redroot pigweed) in terms of seeds germination and plants 
grow. It was observed that plants exhibit some tolerance to heavy metals toxicity, 
which depends on metal concentration and plant characteristics. 

Keywords: cadmium, seed germination, phytoremediation, phytotoxicity, plant, 
root, stem 


1. Introduction 


The rapid growth of industrial sector during the last centuries has led to the 
release in the environment of a large number of polluting chemical compounds 
(hydrocarbons, polycyclic aromatic hydrocarbons, halogenated hydrocarbons, 
pesticides, solvents, metals) which during their manufacture and use are very 
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dangerous for the health of terrestrial ecosystems along with the intensification of 
the degradation of different environmental components (water, air, soil) [1]. Some 
statistics show that nearly 30% of the soil surface is degraded or contaminated with 
heavy metals, persistent organic pollutants (pesticides, hydrocarbons, 
polychlorinated biphenyls, drugs etc.), with similar situations for ground and 
surface waters [2-6]. 

One of the consequences determined by the current stage of industrialization, 
road traffic and energy production is represented by the increase of the degree of 
exposure to the toxic action of the heavy metals [7, 8]. Excessive release of heavy 
metals into the environment has become a primary issue worldwide, as they cannot 
be transformed into non-toxic forms and therefore have long-lasting effects on the 
ecosystem. Many of them are toxic even at very low concentrations. Moreover, 
some heavy metals such as arsenic, cadmium, chromium, copper, lead, mercury, 
nickel, selenium, silver, zinc etc. are not only toxic, but also exhibit carcinogenic 
and mutagenic effects [9]. Unlike many organic pollutants, metals can be removed, 
recovered and recycled, moved to a safer location or transformed and changed into 
valence and species, but they cannot be degraded by any method since they are 
persistent in the environment [10-13]. The presence of heavy metals in the 
environment (air, water, soil, ecosystems) is closely related to the deterioration of 
its quality and, implicitly of the quality of life, thus justifying concerns in the 
direction of diminishing the impact of this category of pollutants. 


2. Environmental pollution with heavy metals 


As essential elements, some heavy metals (e.g. copper, selenium, zinc) are 
vital in maintaining the metabolism of the human body. However, in high 
concentrations they can be toxic. The negative effect of heavy metals can result, for 
example, through contaminated drinking water (lead pipes), high levels of heavy 
metals in the air around emitting sources, or assimilation through the food chain 
[13, 14]. Contamination of agricultural soil with heavy metals has become a critical 
concern for the environment because of their potential to create negative ecological 
effects. Such toxic elements are considered pollutants of the soil because of their 
spread, the appearance and their acute and chronic toxic effect on the cultivated 
plants. There are some heavy metal ions which are frequently used in different 
sectors, but which also are particularly toxic such as lead, cadmium, nickel (Pb(ID), 
CddD), Ni(ID). 

Lead is the one most common of the heavy metals group. In nature there are 
several stable isotopes, 7°8Pb being the most abundant. The average molecular 
weight of lead is 207.2 g/mol. Lead is a soft metal that is resistant to corrosion and 
has a low melting point (327°C). Lead being a highly toxic compound can damage 
the nervous system, kidneys and reproductive system, especially in case of children. 
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In adults, chronic lead toxicity may occur at blood lead levels of 50-80 pg dL", 
including fatigue, insomnia, irritability, headache, joint pain, and gastrointestinal 
symptoms. Also, from an environmental point of view, lead can contaminate the 
environment due to its large-scale use in many important industrial applications, 
such as the manufacture of batteries, pigments, fuels, photographic or explosive 
materials, metal coatings, automobiles, aeronautics and steel [15, 16]. 

Cadmium is a soft metal, silver-white being similar in appearance to zinc and 
to a certain extent being used in a manner similar to it. Cadmium was discovered in 
1817 by the German chemist Friedrich Strohmeyer. Cadmium is present in the 
environment, exposure to low levels occurring as a result of natural processes, but 
also due to human activities [17, 18]. Cadmium has proven to be a hazardous 
pollutant, being one of the most toxic metals to living organisms. Its toxicity 
generates a variety of syndromes and adverse health effects such as: high blood 
pressure, renal dysfunction, lung disease, liver injury, teratogenic effects [18]. 
Cadmium is not considered to be an essential nutrient for metabolism. Several 
studies in human subjects indicate that 4-7% of a single dose of ingested cadmium 
is absorbed from the intestine. In animal studies it was found that the uptake of 
cadmium nitrate or cadmium chloride ranged from 0.5% to 3%. 

Nickel (Ni) is the 22nd most widespread element on earth's crust. Ni has 
several oxidation states, ranging from | to 4, but Ni(II) is the most widespread. 
Numerous compounds containing Ni, such as Ni [Ni (CH3COz2)] acetate, Ni 
carbonate (NiCO3), Ni [Ni(OH)2] hydroxide and Ni (NiO) oxide are widely used in 
industry for the manufacture of a variety of products such as: fuel production, 
galvanizing, pigments, ceramics, batteries, jewelry manufacturing, valves, magnets, 
heat exchangers, medical prostheses, coins, appliances. It can be present in the 
environment from both natural and anthropic sources. The natural concentration of 
Ni in soil and surface water is less than 100 mg/kg and 0.005 mg/L respectively. 
However, anthropogenic activities lead to the release of Ni into the soil from various 
sources such as burning fossil fuels to obtain electricity, mining, emissions from 
vehicles, disposal of municipal and industrial waste, steel and cement industry. In 
the soil, the presence of nickel reduces the microbial biomass, inhibits the 
nitrification process, mineralizes the carbon, modifies the activity of acid and 
alkaline phosphatases and arylsulfatase in the soil. For plants, nickel is an essential 
microelement but at high concentrations it can cause morphological, physiological, 
biochemical alterations. According to the International Agency for Research on 
Cancer (IARC), nickel and nickel compounds are carcinogenic to animals and 
humans [19]. Excessive nickel concentrations cause undesirable effects on 
children's intellectual ability. 

According to data presented by Panagos et al. [20] municipal and industrial 
waste contribute the most to soil contamination (38%), followed by the 
industrial/commercial sector (34%). Heavy metals together with hydrocarbons are 


10 Influence of Heavy Metals Phytotoxicity on Seed Germination and Plants Growth 


the main contaminants of soils (approximately 60% of pollutants detected in soil). 
The sources of contamination of agricultural areas with heavy metal ions are varied, 
these pollutants coming from both natural and anthropogenic sources. Also, their 
presence in the soil poses a significant risk to both human health and the 
environment [20, 21]. The main sources of pollution of agricultural areas as well as 
the potential effects on the environment and human health caused by heavy metal 
ions are presented in fig. 1. 
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Fig. 1. Lead-based water pollution from various sources in 2015 
reported for EU-28 [22] 


3. Remediation of soil polluted with heavy metals 


The remediation of sites polluted with heavy metals has therefore became a 
priority for society due to the increase of quality of life standards and awareness of 
environmental problems. Currently, there are a variety of remediation methods for 
both solid and liquid media, which are classified into three main classes: physical, 
chemical and biological methods. Biological methods have gained a specific 
attention from researchers in the field, being regarded as feasible alternatives to 
physico-chemical methods, as they involve a number of ecologically and cost- 
effective natural processes, without generating toxic waste, and can ensure for 
example, rectifying and restoring the natural state of the soil [9, 17, 23, 24] 

First of all, biological methods (microbial remediation and phytoremediation) 
use a number of microorganisms and plants to degrade or transform various 
hazardous contaminants within an environmental matrix into less toxic forms. 
These methods are embedded in a multidisciplinary approach that includes different 
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strategies, under controlled working conditions: biostimulation (native microbial 
population is stimulated by nutrient and / or air and substrate additions), bio- 
augmentation (artificial introduction of viable population to supplement microbial 
populations native), biosorption (use of dead microbial biomass), bioaccumulation 
(use of living cells) and phytoremediation (use of plants) [16]. 

Investigating the interaction between the natural mechanisms of the 
biosorption, biotransformation and bioaccumulation processes of persistent 
pollutants by plants and microorganisms may provide the scientific basis for 
applying in situ bioremediation as a sustainable / feasible / ecological alternative 
for land and water restoration [17, 25, 26]. 


4. Phytoremediation applied for heavy metals removal from the environment 


Phytoremediation is the process by which plants, which have natural 
abilities to absorb, accumulate pollutants such as heavy metals, from the 
environmental component (soil, water), are used for depollution of contaminated 
sites and their restoration in terms of production capacity. Phytoremediation is not 
a new concept, but is considered an ecologically and economically feasible 
alternative in which plants capable of tolerating high levels of heavy metals in the 
soil can grow in this polluted environment and achieve its depollution, 
accumulating metals that later can be recovered by chemical, thermal or biological 
processing of biomass and reused in industry. Plants are exposed to the metals 
toxicity, generically called phytotoxicity, which can be evaluated to allow the 
choice of plants with good tolerance to metal toxicity, which can be used for 
phytoremediation. 

Therefore, although natural and/or controlled phytoremediation process can 
be used effectively to reduce environmental contamination, as well as to prevent 
and control pollution, there are some difficulties addressed to this approach. The 
effectiveness of plants in the phytoremediation process is still limited by some 
shortcomings caused by the toxicity of the target contaminants and by the limited 
ability of living organisms involved in bioremediation to cope with the 
contaminated environment [27-30]. Excessive accumulation of contaminants in soil 
or water can have negative effects on plants, namely phytotoxic effects, which are 
manifested by growth inhibition, disturbances of the photosynthesis process, 
decreased biomass, nutrient absorption deficiency etc. [29-31]. The response of 
plants to heavy metals toxicity depends on the concentration and availability of 
heavy metals and is a complex process that is controlled by several factors, such as 
the type of metal, the nature of the environment and the plants and microbial species 


[9]. 
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5. Principles of phytotoxicity assessment 


The basic principles for assessing phytotoxicity are the same, whether the test 
compound is a heavy metal, herbicide, fungicide, insecticide or any other toxic 
compound. The difference does not consist in the evaluation method, but only in 
the experimental program and the working methodology. There are a number of 
common phytotoxicity criteria such as frequency (number of plants at a given stage 
or showing a visual symptom) or criteria based on measurements (height, length, 
diameter, weight of plants or organs in a sample). Other criteria for the assessment 
of phytotoxicity refer to visual estimates such as: deformation, color change. In this 
case, the effect is often marked by reference to a standard. The toxic effects of 
metals can also be assessed by visually comparing a treated batch of plants with an 
untreated batch, in the sense of exposure to the action of heavy metals. 

Among the most commonly applied criteria for assessing symptoms of 
phytotoxicity are the following: root weight; root length; development of the root 
system; germination rate; stem length; color changes; the appearance of necrosis; 
deformation of some organs (stem, leaves). The inhibitory effect of contaminants 
is determined by comparing the groups tested with the control (control) groups. The 
measured responses include additive effects of all chemical, physical and biological 
components of the samples that may affect plant organisms. 

Stock solutions are prepared for each compound with a concentration of 1000 
mg/L in distilled water or organic solvent as appropriate. By dilution, working 
solutions with variable concentrations will be made (which will be established 
later). Solutions of heavy metals and persistent organic compounds will be used in 
phytotoxicity tests, taking 3 mL for each metal ion or persistent organic compound, 
which will soak the Whatman filter paper rounds arranged in Petri dishes (90 x 15 
mm). In this way it is possible to simulate the interaction between the liquid phase 
(solution) of the soil in which various concentrations of heavy metals or 
contaminating organic compounds are found depending on the existing 
environmental factors. 

As test plant species we will use the seeds of Brassica rapa, Sinapis alba and 
Amaranthus retroflexus, by performing seed germination tests [32] for 3-5 or 7 days 
of exposure depending on the plant species subjected to the experiment. The plants 
selected for the experiments grow rapidly in laboratory conditions and respond 
promptly to stressors. 


6. Methods for assessing phytotoxicity 
6.1. Methods 


In general, seed plants are used in tests with terrestrial plants. Tests have been 
developed for many plant species, most of which are cultivated plants, but plant 
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species from the spontaneous flora can also be used, if this is necessary and useful 
for the test. The seeds of the test plants should be selected qualitatively so that no 
further variability in test results occurs. Thus, the seeds are purchased from 
commercial producers, and the individual seeds that show signs of poor quality 
(discolored, deformed, damaged seeds, etc.) were removed and will not be used in 
experiments. 

The effects observed in the phytotoxicity tests with terrestrial plants can be 
grouped in two categories, namely: 

- Quantitative effects in which the results are obtained by measurements or 
counters. The following effects may be included in this category: the number of 
germinated seeds; the number of plants sprouted; duration of germination or 
emergence; survival rate; stem height; root length; number of leaves; the dry 
biomass produced by the above-ground parts of the plants and the dry biomass of 
the roots; 

- Semi-quantitative effects in which the results are obtained by observations. 
This category includes observations on abnormal changes in growth, color, 
appearance of plants compared to plants in control samples. The semi-quantitative 
effect is assessed (as a percentage of the control) and the results are then processed 
by statistical methods. 

The results of the toxicity tests are recorded in the form of Tables in which 
the observed effect is noted at certain time intervals for each experimental variant 
and for each replicate. The basic action in processing the results of toxicity tests, 
consists in drawing the dose - effect or concentration - effect diagrams. For this 
purpose, the results recorded in the Tables are used for all experimental variants on 
the dose or concentration and for the control variant, considered as a zero value of 
the dose or concentration. Depending on the test protocol, the results recorded at 
time t are used, which the duration of the test is considered relevant for that test. 
Also, depending on the number of replicates used in the test, the mean values of the 
effect were used to draw the dose-effect or concentration-effect curve. In addition, 
they were transformed into percentage values, which represents a first statistical 
processing of the results, the average values having different intervals between the 
maximum and minimum values recorded. 

When organizing a phytotoxicity test, the possibilities of statistical processing 
of the results must be taken into account from the very beginning. 

6.2. Germination tests 

This test is to determine the inhibitory effect of contaminated liquid or solid 
samples on the germination and growth potential of fast-growing terrestrial plants. 
Measurements to determine development are represented by root length, stem 
length, mass of wet stem material and dry mass [32]. The inhibitory effect of 
contaminants is determined by comparing the groups tested with the control 
(control) groups. The measured responses include additive effects of all chemical, 
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physical and biological components of the samples that may affect plant organisms. 
Depending on the nature of the study, the test can be performed with a single 
concentration per sample (single concentration test) or with a series of dilutions 
(concentration-response test) allowing the determination of different measurement 
parameters, such as IC25 and IC50 for the germination and EC25 and ECSO for 
increase in length, wet mass and dry mass. Other measurement parameters can also 
be used to determine the inhibition or onset of the effect area (threshold effect). 
After 5-7 days, the number of germinated seeds from each variant is recorded, the 
averages are calculated and the germination power is determined (% germinated 
seeds from the total seeds used) and then the relative germination or germination 
index is calculated, using the relation (1): 


S 


germ 


IG = x 100 (1) 


germ 


S 


where: /G is the germination index (relative G); 
Sgerm is the number of seeds germinated in the test sample; 
Meerm is the number of seeds germinated in the control sample. 


6.3. Root and stem length 
The length of the roots is measured and the average length of each variant is 
calculated. Then the relative increase in root length (E,) is calculated by comparison 
with the control variant, using the relation (2): 


Lavinize 
E,=——~x100 (2) 


‘control 


The same procedure is followed for the length of the stems. 
The toxicity indices of the aggregate values are then determined using 
formula (3): 


IT IGXE 
ge 100 
where: E is the index of relative growth of roots (stems) in length (%); 
IT germ is the germination toxicity index; 
IG is the seed germination index for the test variant. 


(3) 


6.4. Materials 
In order to achieve phytotoxicity studies, the working parameters presented 
in Table 1 were used. The tests were performed using three heavy metals: cadmium, 
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nickel and lead. In this paper there are presented the results of tests for phytotoxicity 
of Cd(I) on Brassica rapa (rape), Sinapis alba (white mustard) and Amaranthus 
retroflexus (redroot pigweed). 


Table 1. Specifications for the toxicity test of heavy metals ions (Cd(II), Nid), Pb(ID) to white 
mustard, rape and redroot pigweed seeds using seed germination and elongation tests (for roots 
and stems) 

Parameters Conditions 

Solutions of heavy metals at different concentrations of 25, 50, 
100, 150, 200, 250, 300 mg/L were prepared for the Cd(I]), 
NidID, PbdID) ions starting from a stock solution concentration of 
1000 mg/L 

Seeds of Brassica rapa (rape), Sinapis alba (white mustard) and 
Amaranthus retroflexus (redroot pigweed) 

Sterilized with 96% alcohol for 20 seconds and then with 20% 
NaClO solution for 20 min, then soaked with deionized water 


Pollutants 


Plants species 


Seeas prelrequnent for 10 min and washed with deionized water for seven times, 
and finally after washing, the seeds were dried for 48 hours in 
oven at 35°C. 

Temperature 25+2°C 

Test vessel Petri dishes and Whatman filter paper were previously sterilized 

Test solution 3 mL 

Seeds number 10 seeds in each Petri dishes 

Replicates 3 

‘ Deionized water as control (3 mL); Deionized water was 

COON GHEE renewed at every 24h for plants hydration 

Test duration Five days of seed germination 


7. Results of phytotoxicity tests in laboratory 


Phytotoxicity of Cd(ID ions and the effects on the germination and 
elongation degrees were determinated for the tested plants Brassica rapa (rape), 
Sinapis alba (white mustard) and Amaranthus retroflexus (redroot pigweed). 
Figures 2-4 illustrate the degree of tolerance of the tested plants (mustard, rape, 
redroot pigweed) in the presence of Cd(ID) at different concentrations, by graphical 
representation of three suggestive indicators: germination index (/G); elongation 
rate for roots and stems (% from control lengths) or tolerance index (Er,%); 
elongation inhibition rate for roots and stems or inhibition index (EJ, %). 
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Fig. 2. Cd(ID ions effect on the seeds germination index of tested plant 
(error bars represent the percentage error) 


Analyzing the germination index (G/) (fig. 2), a stimulation of rape seed 
germination degree at low concentrations (25 and 50 mg Cd /L) can be observed 
compared to both the control sample and the other plant species (mustard and 
redroot pigweed). On the contrary, at higher metal ion concentrations of 100 and 
300 mg Cd(ID)/L, the germination index for rape seeds decreases from 0.78 to 0.12. 
The germination index for the other two plants, white mustard and redroot pigweed, 
recorded values between 0.9 and 0.5 and 0.96 and 0.296, respectively for 
concentrations of 25 and 300 mg Cd(II)/L compared to the control sample. The 
results show that the degree of seed germination is influenced by both the metal 
concentration and the plant type. Thus, with the increase in Cd(II) concentration, 
the degree of germination of the tested seeds is significantly reduced. According to 
our results, we can establish the following hierarchy of toxicity degrees for each 
plant type in terms of germination index: at concentrations between 25 and 100 
mgCd/L: rape < redroot pigweed < white mustard; at higher concentrations, 
between 150-300 mgCd/L: mustard < redroot pigweed <rape. 

The analysis of the elongation rate for roots and stems (or the tolerance index) 
(Er) highlighted the following aspects (fig. 3): 

- at low concentrations of 25 mg Cd(ID/L the following order of plant growth 
can be established: for roots: mustard>rape>redroot pigweed and_ stems: 
rape>mustard>redroot pigweed; 
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- at the concentrations of 50 mg Cd(ID/L the following order of plant growth 
can be established: for roots: mustard>rape = redroot pigweed and for stems: 
rape>mustard>redroot pigweed; 

- root length significantly decreased for mustard and rape at higher 
concentrations: for example, at 100 mgCd(ID/L and 300 mgCd(UD/L, Er for 
mustard roots were 8.53% and respectively, 3.07%, and in the case of rape Er for 
the roots at the same concentrations recorded values of 5.68% and 4.46%. The 
redroot pigweed was apparently more tolerant compared to mustard and rape at 
higher Cd(II) concentrations regarding the degree of root growth; 

- it is certain that at all concentrations tested for Cd(II), rape recorded the 
highest values of stems lengths compared to mustard and redroot pigweed, but at 
the same time the roots lengths for all the tested plants were much lower compared 
with the control sample. The highest value of Er of roots (38.8%) was recorded for 
mustard. 
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Fig. 3. Cd(ID ions effect on the relative increase in length of the roots and stems of the tested 
plants (error bars represent the percentage error) 


A very well-known and perhaps more suggestive factor in relation to the 
toxicity of heavy metals on plants is the inhibition index (E/). According to the data 
presented in fig. 4, an increase in the length of rape stems at 25 and 50 mg Cd(II)/L 
concentrations was observed, in contrast, at higher concentrations greater (300 mg 
Cd/L), the inhibition rate was approximately 92%. Certainly, at higher 
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concentrations, starting with 100 mg Cd(II)/L, the degree of root inhibition was 
greater than 90% for all plants. With some small deviations attributed to 
experimental errors, we can state that the degree of inhibition of stem lengths was 
lower for mustard, followed by rape and redroot pigweed. 
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Fig. 4. The elongation inhibition rate of tested plants in the presence of Cd(ID ions 


Conclusions 


Phytoremediation is a feasible technology for removing heavy metals from 
the environment that involves the use of plants with a certain degree of tolerance to 
metal toxicity which can be tested using a series of techniques in the laboratory to 
demonstrate the extent to which seeds can germinate and plants can grow with 
biomass formation. 

Some heavy metal ions which are frequently used in different sectors, are 
particularly toxic such as lead, cadmium, nickel (Pb(I]), Cd), Nid). Excessive 
accumulation of these contaminants in soil or water can have negative effects on 
plants, manifested as phytotoxic effects, which are revealed by growth inhibition, 
disturbances of the photosynthesis process, decreased biomass, nutrient absorption 
deficiency etc. Based on these considerations, the phytotoxicity of Cd(II) ions and 
the effects on the germination and elongation degrees were determined for the tested 
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plants as Brassica rapa (rape), Sinapis alba (white mustard) and Amaranthus 
retroflexus (redroot pigweed). 

The results demonstrated that laboratory phytotoxicity tests which address 
the degree of seeds germination and plants grow are support for decision making in 
selecting tolerating plants for soil clean up and elimination of various categories of 
heavy metals. The resulting biomass can be further valorized by chemical, thermic 
or biological to recover the metals that can be a critical ones for industry. 
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